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Abstract 

The OVERFLOW code was used to calculate the flow field for a family of five relaxed compression 
inlets, which were part of a screening study to determine a configuration most suited to the application of 
microscale flow control technology as a replacement for bleed. Comparisons are made to experimental 
data collected for each of the inlets in the 1- by 1-Foot Supersonic Wind Tunnel at the NASA Glenn 
Research Center (GRC) to help determine the suitability of computational fluid dynamics (CFD) as a tool 
for future studies of these inlets with flow control devices. Effects on the wind tunnel results of the struts 
present in a high subsonic flow region accounted for most of the inconsistency between the results. Based 
on the level of agreement in the present study, it is expected that CFD can be used as a tool to aid in the 
design of a study of this class of inlets with flow control. 

Introduction 

A supersonic inlet is used to decelerate and compress the flow before it enters the engine. Due to the 
compression, an adverse pressure gradient exists in the inlet that causes thick boundary layers to develop. 
Bleed has become the standard means of reducing the effects of the boundary layer. Part of the low 
velocity flow in the boundary layer is removed, leaving a higher average flow velocity in the inlet. 
However, since air is being removed from the system, the inlet must be larger to provide the same total 
mass flow to the engine, and the bleed flow is dumped overboard, which adds significant drag. 

Microscale flow control devices (refs. 1 and 2) are another potential means of controlling boundary layer 
development that are of interest as an alternative to bleed due to their low weight and mechanical 
simplicity. 

A series of five external compressions, axisymmetric inlets were tested at the NASA Glenn Research 
Center 1- by-1 Foot Supersonic Wind Tunnel (ref. 3). Figure 1 shows a view of one of the inlets in the 
tunnel. The inlets were part of a screening study to determine a configuration most suited to the 
application of microscale flow control technology as a replacement for bleed. Each inlet employed 
forward centerbody surface shaping to relax flow compression in the cowl highlight region. Relative to 
inlet geometry produced using traditional methods, this novel design technique can significantly reduce 
cowling angle and, therefore, nacelle drag. By capitalizing on fixed surface geometry redefinition, relaxed 
compression provides a simpler approach to improving installed propulsion performance compared to 
methods that focus on maximizing total pressure recovery. 

While the novel shaping technique can provide a more mechanically simple approach to improving 
installed propulsion system performance, there are two primary limitations: tip distortion increases 
because of the stronger normal shock that results from the relaxed isentropic compression, and boundary 
layer health is reduced behind the base of the terminal shock because of the increased post-shock flow 
turning angle required to maintain an acceptable subsonic diffusion profile. Based on the results of this 
first test, one of the inlets may be adapted to include microramps, which are wedge-shaped vortex 
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generators with a height approximately 40 percent of the boundary layer thickness. In the inlets with the 
most aggressive centerbody turning, the need for flow control is expected to be more critical because 
boundary layer separation is likely. 

Backpressured computational fluid dynamics (CFD) solutions were completed for each of the five 
inlet configurations. To aid in the design of the flow control array that will be incorporated into a selected 
inlet, future CFD studies will be conducted to evaluate the effectiveness of a variety of microramp arrays 
in the inlet. A strong similarity between the CFD and experimental results in the present study would 
provide added confidence in the use of future CFD studies to simulate the inlet with flow control devices. 

This paper will compare CFD results for the pressure recovery versus mass flow ratio curve (i.e. the 
cane curve) to the same generated experimentally, as well as comparisons of the static pressure profiles 
along the inlet centerbody and cowl, and AIP Mach number and total pressure recovery profiles for each 
of the inlet configurations. 


II. CFD Method 

The OVERFLOW code (ref. 4) was used to study the performance of the inlets. OVERFLOW is a 
Reynolds-averaged Navier-Stokes solver and can be used for turbulent, compressible flows. Turbulence 
was modeled using the one-equation Spalart-Allmaras (SA) turbulence model. A two-dimensional 
axisymmetric structured grid with local timestep scaling was used. The overset grid that was used for the 
calculations consisted of four zones, as shown in figure 2. The primary zone contained the entire solution 
region with a total of 210,000 grid points. The additional zones were overset on the primary zone and 
used to (1) define the cowl surface, (2) provide grid points on which to interpolate the solution at the AIP, 
and (3) define the contours of a converging-diverging nozzle downstream of the inlet contours used to 
determine the mass flow through the inlet. The area ratio of the C-D nozzle was varied to apply the 
various backpressure levels necessary to characterize the inlet performance. 

Boundary conditions were applied to match the test conditions with a uniform Mach number at the 
inflow plane of 1.974 at a total pressure of 29.0 psia. The inlet surfaces were modeled as no slip, adiabatic 
walls. To adequately capture the viscous effects, y+ values along the inlet surfaces were held to less than 
1 . The outflow boundary at the exit of the C-D nozzle was a zeroth order boundary with all values 
extrapolated from the flow field. The solution was initialized to freestream conditions and calculation 
continued until the maximum residual decreased 5 orders of magnitude. 


III. Experimental Data 

The inlets were designed to be tested at Mach 1.97 and all had the same supersonic diffuser geometry, 
but the subsonic diffuser length and aerodynamic interface plane (AIP) Mach number were varied. The 
five configurations examined 2 diffuser lengths — designated short and long — and 3 AIP Mach numbers — 
designated low, medium and high — as shown in table 1 . The inlet length indicated in the table is specified 
as an L/d ratio where L is the total length of the inlet, and d is the inlet diameter at the cowl tip, 3.25 in. 
The inlet with a medium AIP Mach number and a long subsonic diffuser was considered the baseline 
configuration. The contours of the five inlet configurations are shown in figure 3. The AIP Mach number 
was varied by changing the area of the AIP as shown in the figure. The static pressure tap locations are 
also indicated. The model instrumentation included static pressure taps on the cowl and centerbody and 
total pressure rakes at the AIP. On the inlet centerbody there were 9 steady state pressure taps and 1 
dynamic static pressure tap. On the cowl side there were 13 steady state static pressure taps for the long 
subsonic diffuser configurations, and for the short configurations there were 8. Two 6-probe AIP total 
pressure rakes and an AIP dynamic total pressure probe were installed in the model. The rakes could be 
installed in 10 circumferential locations as shown in figure 4. The total pressure data presented in this 
paper is taken from the rake station halfway between the struts, rake slot location 6 from the figure, since 
this is expected to yield the best agreement with the CFD in which the struts were not simulated. The 
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mass flow through the inlet was captured and measured by an ASME Nozzle. Previous publications 
(refs. 5 and 6) provide further details on the experimental setup. 

IV. Results 

The mass flow cane curve gives performance information for an inlet. The mass flow ratio is 
calculated as the ratio of the inlet mass flow to the capture mass flow. The cowl diameter at the location 
farthest upstream is used to calculate the capture area. The experiment values for total pressure recovery 
in figure 5 are calculated based only on area-averaged pressures at rake slot location 6. The CFD 
calculations locate the shoulder of the cane curve (the point of maximum total pressure recovery) at a 
total pressure recovery 1.5 to 2.0 counts higher and a mass flow ratio 0.4 to 2.2 percent lower than seen in 
the experimental data. 

For each configuration, the computed and experimental results at the shoulder of the cane curve 
(maximum total pressure recovery) were compared in more detail. Note that, from figure 5, these 
computed and experimental results are at slightly different mass flow ratios. For the comparison cases, the 
static pressure profiles along the inlet centerbody normalized to the freestream static pressure are shown 
in figure 6, and the cowl normalized static pressures are shown in figure 7. 

The centerbody surface results show that the static pressure profiles match well for the supersonic 
portion of the inlet. The normal shock position and strength measured in the experimental data are also 
well matched by the CFD for all inlet configurations. The subsonic diffuser pressures on both the 
centerbody and cowl sides do not agree as well. The static pressures in the experimental data are lower 
than indicated by the CFD solutions, an indication that the code is underpredicting the boundary layer 
thickness. The Low Mach Short inlet shows the largest magnitude of error. This is likely because the flow 
is separated in the subsonic diffuser, as will be seen again in other comparisons. 

Figures 8 and 9 show AIP profiles of the total pressure ratio and Mach number for the maximum total 
pressure recovery cases respectively. As was seen in the cane curve, the CFD results predict a higher 
maximum total pressure ratio compared to the experimental results. This effect is most evident on the 
cowl side of the profiles but is also present in the core flow. Also of interest is the profile for the Low 
Mach Short inlet. The centerbody pressures indicate flow separation. This is easily observed looking at 
the Mach number field for this inlet, which is shown compared to the Medium Mach Long inlet in 
figure 10. In figure 9, the CFD results consistently show a lower core Mach number than was calculated 
from the experiment, which is expected given the higher predicted static pressure. 

Overall the agreement between the CFD and experimental results is good, but there are some 
discrepancies. Because comparison cases were selected at the maximum total pressure recovery, there 
was some mismatch in the mass flow, which could account for the variations in AIP Mach number and 
the static pressure profiles, particularly near the inlet exit. Figure 1 1 shows results for the Medium Mach 
Long inlet comparing cases with matching mass flow rates. The agreement in static pressure and AIP 
Mach number is no better for the matching mass flow cases than for the cases selected at maximum total 
pressure recovery. 

Looking at the trends present in the comparisons, many of the differences are explained by the effects 
of the struts on the experimental data, which is not simulated in the axisymmetric CFD. While the struts 
are thin, the high subsonic Mach number in the region of the struts causes the blockage to be meaningful. 
At the same mass flow ratio, the Mach number through the strut region would increase due to the 
blockage, accounting for the lower static pressures seen in the experimental data. Losses due to the struts 
also explain the lower total pressure recoveries measured at the AIP. 

V. Conclusions 

The OVERFLOW code was used to calculate the flow field for a family of five relaxed compression 
inlets designed to have low boom and drag. The inlets, designed for Mach 1.974, spanned three AIP Mach 
numbers, (0.54, 0.60, and 0.65) and two subsonic diffuser lengths (1.80 and 2.1 1 L/d). The calculations 
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were completed to see how well CFD (in particular, the OVERFLOW code) could simulate inlets of this 
type, and thus help determine its suitability for future studies with flow control devices. 

The computational results show that for the level of fidelity with which the problem was modeled 
(two-dimensional axisymmetric grid) the calculated values agree well with the experimental data. The 
presence of the struts in the wind tunnel model explains the discrepancies seen in the data. 

While the experimental data looking at boundary layer separation in the inlets were inconclusive, the 
additional near-wall resolution provided by the CFD indicates that separation is present in the Low Mach 
Short inlet. The aggressive turning resulting in separation in the inlet makes it an ideal candidate for 
further study with flow control. Based on the level of agreement in the present study, it is expected that 
CFD can be used as a tool to aid in the design of a study of this class of inlets with flow control. 
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TABLE L— PARAMETERS DEFINING THE FIVE INLET CONFIGURATIONS 


Inlet model 

AIP Mach number 

Inlet length, 
L/d 

(a) 

Medium Mach Long 

0.60 

2.11 

(b) 

High Mach Long 

0.65 

2.11 

(c) 

High Mach Short 

0.65 

1.80 

(d) 

Low Mach Long 

0.54 

2.11 

(e) 

Low Mach Short 

0.54 

1.80 
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Figure 1. — Photo of the inlet model installed in the wind tunnel. 
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Short inlets 


Figure 3. — Inlet contours for the five inlet configurations with the blue dots indicating the 
locations of the static pressure taps. 



Figure 4. — View of the AIP with the strut locations and possible rake pad positions marked. 


NAS A/TM— 2008-2 15416 


6 


Total pressure recovery Total pressure recovery 





Mass flow ratio 



>.0.94 

S’ 0.92 

§ 0.90 
1— 

2 ? 0.88 
I 0.86 

<D 

o. 0.84 
| 0.82 
H 0.80 

0.7 0.8 0.9 1.0 

Mass flow ratio 


+ Experiment 
□ Overflow 


I d + d? 




D + 


T+ 




(e) 


Figure 5. — Cane curve results for the (a) Medium Mach Long (baseline), (b) High 
Mach Long, (c) High Mach Short, (d) Low Mach Long, and (e) Low Mach Short 
inlets. 
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Figure 6. — Centerbody static pressure contours for the (a) Medium Mach Long 
(baseline), (b) High Mach Long, (c) High Mach Short, (d) Low Mach Long, 
and (e) Low Mach Short inlets. 
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Figure 7. — Cowl static pressure contours for the (a) Medium Mach Long (baseline), (b) High Mach Long, 
(c) High Mach Short, (d) Low Mach Long, and (e) Low Mach Short inlets. 
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Figure 8. — AIP total pressure ratio profiles for the (a) Medium Mach Long 
(baseline), (b) High Mach Long, (c) High Mach Short, (d) Low Mach Long, 
and (e) Low Mach Short inlets. 
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Figure 9. — AIP Mach number profiles for the (a) Medium Mach Long (baseline), 

(b) High Mach Long, (c) High Mach Short, (d) Low Mach Long, and (e) Low Mach 
Short inlets. 
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Figure 10. — Mach number solutions in the (a) Medium Mach Long, and (b) Low Mach Short inlets. 
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Figure 1 1 . — Comparisons for the Medium Mach Long inlet at matching mass flow 
conditions of (a) centerbody static pressure profile, (b) cowl static pressure profile, 
(c) AIP total pressure ratio, and (d) AIP Mach number. 
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